Abstract Shore fish community structure off the Jordanian Red Sea coast was determined on fringing coral reefs and in a seagrass-dominated bay at 6 m and 12 m depths. A total of 198 fish species belonging to 121 genera and 43 families was recorded. Labridae and Pomacentridae dominated the ichthyofauna in terms of species richness and Pomacentridae were most abundant. Neither diversity nor species richness was correlated to depth. The abundance of fishes was higher at the deep reef slope, due to schooling planktivorous fishes. At 12 m depth abundance of fishes at the seagrass-dominated site was higher than on the coral reefs. Multivariate analysis demonstrated a strong influence on the fish assemblages by depth and benthic habitat. Fish species richness was positively correlated with hard substrate cover and habitat diversity. Abundance of corallivores was positively linked with live hard coral cover. The assemblages of fishes were different on the shallow reef slope, deep reef slope and seagrass meadows. An analysis of the fish fauna showed that the Gulf of Aqaba harbours a higher species richness than previously reported. The comparison with fish communities on other reefs around the Arabian Peninsula and Indian Ocean supported the recognition of an Arabian subprovince within the Indian Ocean. The affinity of the Arabian Gulf ichthyofauna to the Red Sea is not clear.
Introduction
Coral reefs are one of the most complex marine ecosystems in which fish communities reach their highest degree of diversity (Harmelin-Vivien 1989) . Morphological properties and the geographical region of the coral reef determine the structure of the fish assemblages (Sale 1980; Thresher 1991; Williams 1991) . The ichthyofauna of coral reefs can be linked to varying degrees with adjacent habitats (Parrish 1989 ) such as seagrass meadows (Ogden 1980; Quinn and Ogden 1984; Roblee and Ziemann 1984; Kochzius 1999) , algal beds (Rossier and Kulbicki 2000) and mangroves (Birkeland 1985; Thollot 1992) .
Although the Red Sea ichthyofauna is taxonomically quite well known compared with other parts of the tropical Indo-Pacific Ocean, the community structure of shore fishes has been less well investigated. To date more than 1,280 fish species are known from the Red Sea (Baranes and Golani 1993; Goren and Dor 1994; Randall 1994; Khalaf et al. 1996) . Ichthyological research in the Red Sea dates back more than 200 years to the collections and descriptions of fishes by Peter Forsskål (Klausewitz 1964; Nielsen 1993) . Despite a long tradition of taxonomic work since then (e.g. Forsskål 1775; Klunzinger 1884), as well as biosociological and ecological studies on certain families, such as damselfish (Pomacentridae) (e.g. Fishelson et al. 1974; Fricke 1977; Ormond et al. 1996) and butterflyfish (Chaetodontidae) (e.g. BouchonNavaro 1980; Bouchon-Navaro and Bouchon 1989; Roberts et al. 1992) , surprisingly few studies have been published on the general community structure of Red Sea shore fishes (Ben-Tuvia et al. 1983; Rilov and Benayahu 2000) . Other investigation deal with fish communities on artificial reefs (Rilov and Benayahu 1998; Golani and Diamant 1999) or give species lists for certain areas (Clark et al. 1968; Tortonese 1983) .
Shallow-water habitats along the Jordanian Red Sea coast are fringing coral reefs and seagrass meadows. The coral reefs of the Jordanian coast have been studied in detail by Schuhmacher 1974, 1981; Mergner 1979 Mergner , 2001 . Several studies on the autecology (e.g. Harmelin-Vivien and Bouchon-Navaro 1981; Wahbeh and Ajiad 1985a, b) and population ecology (e.g. Bouchon-Navaro and HarmelinVivien 1981; Bouchon-Navaro 1986) of fishes were conducted along the Jordanian coastline of the Gulf of Aqaba, but no study using a synecological approach has been conducted to date.
Coral reefs are under threat on a global scale (Bryant et al. 1998; Hoeg-Guldberg 1999; Souter and Lindén 2000) and under high human impact in the Gulf of Aqaba, because of pollution (Walker and Ormond 1982; Abu-Hilal 1987; Abu-Hilal and Badran 1990; Abelson et al. 1999) , shipping and port activities (Abu-Hilal 1985; Badran and Foster 1998) , and tourism (Riegl and Velimirov 1991; Hawkins and Roberts 1994) .
Detailed ecological information on reef organisms is needed for conservation and for proper management of coral reef ecosystems. This study investigates for the first time the fish communities of shallow-water habitats along the Jordanian coast to obtain ecological information to facilitate a proper management of the Red Sea Marine Peace Park and adjacent waters of the Jordanian coast. The main objectives of the study are: (1) to investigate the community structure of fishes on coral reefs and seagrass meadows, (2) to reveal the ecological parameters which influence the community structure, (3) to detect general features of fish communities on coral reefs, (4) to describe the biodiversity of the ichthyofauna, and (5) to assign the biogeographic affinity of the shore fishes in the Gulf of Aqaba.
Methods

Study area
This study was conducted at five coral reefs (sites 1-3, 5, 6) and one seagrass meadow (site 4) along the 27 km Jordanian coast, Gulf of Aqaba, Red Sea (Fig. 1) . Fringing reefs are discontinuously distributed over a length of 13 km along the coast, separated by bays that are usually covered by seagrass meadows (UNEP/IUCN 1988) . Studies of a 25 m 2 quadrat on the reef slope in the reserve at the Marine Science Station (Fig. 1 ) recorded 78 scleractinian coral species (Mergner and Schuhmacher 1981) . Reef morphology and zonation is described in detail by Mergner and Schuhmacher (1974) . The largest seagrass meadow along the coast is located at Al-Mamlah Bay (site 4) (UNEP/IUCN 1988). The meadows are composed of the seagrass species Halophilia ovalis, Halophilia stipulacea and Halodule universis, which is the dominant species at Al-Mamlah Bay (Wahbeh 1981) .
Visual census
The fish communities in shallow-water habitats (fringing coral reef and seagrass meadow) along the Jordanian Red Sea coast were surveyed by the visual census technique using SCUBA as described by English et al. (1994) . Transects of 50 m length and 5 m width (250 m 2 ) were marked at the study sites ( Fig. 1) . At each site visual censuses were conducted along three transects at the shallow slope (6 m) and deep slope (12 m), respectively. The distance between the transects at each site was 10-20 m. The observer waited 5-10 min after laying the transect line to allow fishes to resume their normal behaviour. Subsequently the diver swam along the transect and recorded all fishes encountered 2.5 m on each site of the line and 5 m above the transect. All observed fishes of 30 mm total length or longer were identified by the first author (M.A. Khalaf) and recorded on a plastic slate. The duration for the count of each transect was 50-60 min. At five sites (Cement Jetty, Marine Science Station, Tourist Camp, Jordan Fertiliser Industries and Jordan Fertiliser Industries Jetty) three censuses were conducted at each depth in November 1999 and March 2000. At Al-Mamlah Bay 39 censuses were conducted at 6 m and 43 censuses at 12 m depth in 1997 and 1998 (Table 1 ). The survey of the benthic habitat at each visual census transect was conducted by the line-intercept method, recording percentage cover of live hard coral, live soft coral, dead coral and rock, sand, and seagrass (English et al. 1994 ).
Statistical analysis
Abundance of fishes was described by relative abundance (RA) and frequency of appearance (FA), calculated as follows: RA = (the pooled average abundance of species i from each depth and site/the pooled average abundance of all species from each depth and site) × 100 and FA = (number of transects in which species i was present/total number of all transects) × 100. Calculation of RA with average values was necessary to prevent over-valuation of Al-Mamlah Bay.
Community indices such as fish abundance, species richness (number of species) and Shannon-Wiener diversity (H′; ln basis) were compared among sites and depths using one-way ANOVA. Homogeneity of variances was tested with the F-test and if necessary, data were log(1+x) transformed to obtain homogeneity of variances. If transformation of the data did not lead to homogeneity of variances, no statistical test was conducted. F-tests were performed with a spreadsheet analysis program and one-way ANOVA was carried out using STATISTICA 5.1 (StatSoft 1997).
Regression analysis (power and linear regression) was performed with a spreadsheet analysis program and the significance level of the correlation was obtained from statistical tables after calculating the empirical F-value with the following formula: F emp =(r 2 -J)/((1-r 2 )/K-J-1)); where r 2 = coefficient of determination; J = number of regressors; K = sample size (Backhaus et al. 1994) .
Multivariate analysis of the data such as cluster analysis, MDS (multi-dimensional scaling), RELATE, BIO-ENV, as well as the ANOSIM (analysis of similarities) significance test were performed using PRIMER-5 software (Primer-E 2000) . Hierarchical clustering and MDS was based on Bray-Curtis similarities of abundance data. Highly abundant species, in contrast to species with very low abundance, can disturb the analysis. Therefore, if necessary, data were transformed and standardised as indicated in the figures. MDS is a 3-dimensional ordination of samples brought down to a 2-dimensional plot. The quality of the MDS plot is indicated by the stress value. Values <0.2 give a potentially useful 2-dimensional picture, stress <0.1 corresponds to a good ordination and stress <0.05 gives an excellent representation.
The ANOSIM significance test compares similarities of species compositions between the samples and can give evidence for differences. A one-way layout of ANOSIM was performed with the original data; no transformation or standardisation was conducted. Two terms are important in an ANOSIM significance test: P (significance level) and Global R. Global R indicates the degree of similarity between the tested groups with values between -1 and 1. If all replicates within sites are more similar to each other than any replicate from different sites, the value of R is 1. Values close to zero indicate that the similarity between sites is very high, showing a low difference between them (Clarke and Warwick 1994) .
A BIO-ENV analysis was performed with PRIMER-5; this correlates environmental variables to the multivariate analysis of the fish community based on a weighted Spearman rank correlation. RELATE compares the multivariate analysis of the fish community to the benthic habitat and reveals the degree of correlation between the two data sets (Clarke and Warwick 1994) .
A biogeographic comparison was performed on the basis of species lists from 21 sites in the Red Sea (Vine and Vine 1980; Krupp et al. 1993; Schraut 1995; Rilov and Benayahu 2000; Gladstone, unpublished report; M.A. Khalaf and F. Krupp, unpublished data; U. Zajonz et al., unpublished report) , the Arabian Gulf (Coles and Tarr 1990; Krupp et al. 1994; Krupp and Almarri 1996; Carpenter et al. 1997) , the Gulf of Aden (Kemp 1998 (Kemp , 2000 , Oman (Randall 1995) and the Indian Ocean (Smith and Heemstra 1991; Randall and Anderson 1993; Letourneur 1996; Pittman 1996; Öhman et al. 1997; Winterbottom and Anderson 1997; Anderson et al. 1998; Kunzmann et al. 1999) . Presence/absence data for 712 species from the following families were considered for the biogeographic comparison: Acanthuridae, Balistidae, Caesionidae, Chaetodontidae, Haemulidae, Labridae, Lethrinidae, Lutjanidae, Nemipteridae, Pomacanthidae, Pomacentridae, Scaridae, Serranidae and Siganidae. All species names were checked for synonyms with FishBase 99 (FishBase 1999) to prevent double counts of species. Multivariate statistics for the biogeographic analysis was based on Bray-Curtis similarity and Euclidean distance.
Results
Benthic habitat
Along the Jordanian Red Sea coast the highest live coral cover was 35% and the average 19%. Five of the study sites were coral reefs, whereas Al-Mamlah Bay was dominated by seagrasses (59% cover). At all coral reefs dead coral and rock as well as sand made up most of the cover (Table 2) . (Fig. 2) . In terms of species richness per family the ichthyofauna showed the following ranking: Labridae (19.2%), Pomacentridae (9.1%), Gobiidae (5.1%), Scaridae (5.1%), Blenniidae (4.5%), Apogonidae (4.0%), Chaetodontidae (4.0%), Scorpaenidae (4.5%) and Serranidae (3.5%) ( Table 3) . The most abundant species were Pseudanthias squamipinnis (24.1%), Pomacentrus trichourus (16.1%), Paracheilinus octotaenia (6.4%), Neopomacentrus miry- Krupp et al. 1993 (VC+F) , 6 Kemp 1998 (VC), 7 Kemp 2000 (VC), 8 Coles and Tarr 1990 (VC), 9 Krupp et al. 1994 (VC+F+R) , 10 Pittman 1996 (VC), 11 Harmelin-Vivien 1989 (?) , 12 Letourneur 1996 (VC), 13 Letourneur et al. 1997 (VC+R) , 14 Williams and Hatcher 1983 (E), 15 Gladfelter et al. 1980 (VC) , 16 Pattengill et al. 1997 (VC) . (Table 4) .
Average Shannon-Wiener diversity (ln basis) ranged from 1.3 at Al-Mamlah Bay at 6 m depth to 2.8 at Jordan Fertiliser Industries at 12 m depth (Fig. 3) , but no significant difference was detected (Table 5) .
Average species richness ranged from 17.9 species at Al-Mamlah Bay at 6 m depth to 58.5 species at AlMamlah Bay at 12 m depth. The seagrass-dominated site, Al-Mamlah Bay, showed more species at 12 m than at 6 m depth. At 6 m depth species richness was higher on coral reefs than on the seagrass meadow. The picture for 12 m depth was the reverse, with a higher species richness at the seagrass-dominated site. All differences were evidenced with a significance level of p<0.001. No significant difference in species richness was detected between other sites (Table 5) .
Average abundance ranged from 472 fishes per transect at Jordan Fertiliser Industries at 6 m depth to 3,397 fishes per transect at Al-Mamlah Bay at 12 m depth (Fig. 3) . Higher fish abundance was observed at 12 m than at 6 m depth covering all sites (p<0.001), at the seagrass-dominated site Al-Mamlah Bay (p<0.001) as well as on coral reefs (p=0.015). There were more fishes at 12 m depth at Al-Mamlah Bay compared with 12 m depth at the coral-dominated sites (p<0.001). Due to inhomogeneous variances, no significant differences in abundance were detected at 6 m depth between coral reef and seagrass meadow (Table 5 ).
Multivariate analysis of the shore fish communities along the Jordanian Red Sea coast Cluster analysis and MDS plot based on percentage of benthic cover revealed two main groups (Fig. 4) : (A) the seagrass-dominated Al-Mamlah Bay and (B) the coral reefs with two subgroups (B.1) 6 m and (B.2) 12 m depth. Two samples (3a and 6b) did not match the clusters in the dendrogram, but 6b did fit into the groups of the MDS plot. Coral reef sites at 6 m and 12 m depth were grouped together with a 1.5 times higher similarity than coral reefs to the seagrass meadow. This grouping was correlated with cluster analysis as well as MDS plot based on average fish species abundance (Fig. 4) . The mismatch of sample 1a in the dendrogram and MDS plot did not disturb the general division into three groups. The RELATE test for similarities between the multivariate pattern revealed a significant correlation (Global ρ = 0.638, p=0.006).
An ANOSIM significance test confirmed the difference in the benthic habitat between 6 m and 12 m depths of coral reefs (p=0.021) as well as between reefs and the seagrass meadow (p<0.001) ( Table 6 ). There were no significant differences between 6 m and 12 m depth regarding all sites (coral and seagrass) and the seagrassdominated site. All identified groups of the fish assemblages were evidenced by an ANOSIM significance test with p<0.001 (Table 6) .
Species analysis by dendrogram and MDS plot revealed four main groups (Fig. 5) : (A) fishes of coral reefs, with the subgroups (A.1) Apogonidae, (A.2) higher relative abundance at the shallow reef slope (6 m) and (A.3) higher relative abundance at the deep reef slope (12 m); (B) fishes of seagrass meadows and sand flats; (C) Siganidae; and (D) Caesionidae. Five species were not assigned to any of the groups identified above. In addition, four species showed a mismatch in the correlation to the main groups. These minor mismatches are due to uneven distribution of these species and did not disturb the overall picture. Species analysis by dendrogram and MDS is an exploratory tool for the identification of typical fish communities of a certain habitat. Due to the high number of species and abundance it was difficult to distinguish these groups a priori. Therefore, an ANOSIM significance test was not conducted, because it only applies to groups of samples specified prior to seeing or collecting the data.
Correlation of fish community pattern to the benthic habitat
The BIO-ENV procedure of the PRIMER-5 software was used to correlate the fish community pattern to the benthic habitat (Table 7 ). The maximum correlation (r=0.703, weighted Spearman rank correlation) was obtained with the seagrass cover, followed by the combination of seagrass cover and depth (r=0.677), and the combination of seagrass, depth and live coral cover (r=0.579). Fish species richness was positively linked to hard substrate cover by a power regression (r=0.6742, p<0.005) (Fig. 6 ). The coefficient of determination (r 2 ) indicates that 45.5% of variation can be attributed to hard substrate cover. The relationship of fish species richness to habitat diversity showed a positive correlation in a power regression (r=0.7064, p<0.005) as well (Fig. 6) . The analysis revealed that r 2 can assign 49.9% of variation to habitat diversity. A linear regression of abundance of corallivores in relation to live coral cover resulted in a positive correlation (r=0. 6956, p<0.005) . In this case the r 2 indicates that 48.4% of variation can be attributed to live hard coral cover.
Biogeography
Cluster analysis and MDS plot revealed four main groups ( Fig. 7) : (1) Arabian Gulf, (2) Indian Ocean, (3) Red Sea, and (4) Southern Arabia. Differences in the grouping of the Southern Arabian cluster can be observed between the multivariate methods used in this analysis. On the one hand, the Southern Arabia cluster shows the lowest similarity to all other sites in the analysis based on Bray-Curtis similarity. On the other hand, the Euclidian distance revealed a high similarity to the Red Sea cluster. However, both MDS plots show a very similar pattern, where the Red Sea and Southern Arabian sites are situated between the Arabian Gulf and Indian Ocean sites. Fig. 6 Relationship of I fish species richness to benthic hard substrate cover and II to habitat diversity, as well as III abundance of corallivores to live hard coral cover at the Jordanian Red Sea coast, Gulf of Aqaba The dendrogram suggested subgroups within the Red Sea, but neither MDS plot nor ANOSIM significance test confirmed this pattern, although ANOSIM gave evidence for the main groups (Table 8) . However, ANOSIM based on Bray-Curtis similarity showed a significant difference between the Arabian Gulf and all other sites, whereas analysis based on Euclidian distance was not significant. On the one hand, the Arabian Gulf shares 55.3% of its species with the Indian Ocean, whereas only 45.6% of its species occur in the Red Sea. On the other hand, 75.4% of the Red Sea species have an Indian Ocean distribution, but the Red Sea shares only 22.7% of its species with the Arabian Gulf. Fig. 7 Map I, dendrogram and MDS plot based on Bray-Curtis similarity (stress = 0.09) II and Euclidean distance (stress = 0.06) III of biogeographic relationships between coastal fish assemblages of the Red Sea, Gulf of Aden, Indian Ocean and Arabian Gulf (Bray-Curtis similarity and Euclidean distance based on presence/absence of 712 species); proposed biogeographic borders after Klausewitz (1978 Klausewitz ( , 1989 and (Kemp 1998 
Discussion
All our conclusions are restricted to day-active and noncryptic species. As discussed by Brock (1982) , dwarf, cryptic and nocturnal species are underestimated by the visual census technique. The visual census technique is widely applied and accepted for fish ecological studies on coral reefs (English et al. 1994 ), although differences in skill and technique of observers can be a source of imprecision and/or bias (Thompson and Mapstone 1997) . Therefore the first author (M.A. Khalaf) conducted all censuses himself to avoid this problem. In the Jordanian waters of the Gulf of Aqaba, 348 species of fish have been recorded to date, with around 294 species occurring in shallow-water habitats such as coral reefs, seagrass meadows and sand flats (Khalaf and Disi 1997) . In this study, approximately two-thirds (198 species) of the ichthyofauna at the Jordanian coast are considered for the analysis of shallow-water fish communities. In many other studies the investigations are restricted to certain families or subsets of the fish community, and the percentage of species considered for the analysis is not known.
Shore fish communities at the Jordanian Red Sea coast
Dominant taxa and fish community parameters
Pseudanthias squamipinnis is the most abundant species on Jordanian coral reefs as well as in the "Japanese gardens", off Eilat (Rilov and Benayahu 2000) , at Nuweiba (Ben-Tuvia et al. 1983 ) and at Sanganeb atoll (Krupp et al. 1993) . Other species making up more than 1% of total abundance in Jordan as well as at Sanganeb atoll are Chromis dimidiata and Chromis ternatensis. The following species belong to the ten most abundant species at both sides of the northern end of the Gulf of Aqaba ("Japanese gardens" and sites in Jordan): Pomacentrus trichourus, Paracheilinus octotaenia, Chromis dimidiata, Dascyllus marginatus and Neopomacentrus miryae ( Table 4) . As expected, the fish assemblages along the Jordanian and Israeli coasts are very similar.
On Indo-Pacific coral reefs, labrid and pomacentrid species are the dominant fishes (Table 3) . Labridae (wrasse) contribute the highest percentage of species, followed by Pomacentridae (damselfish). The fish fauna on coral reefs in the Arabian Gulf shows a different composition, probably due to unfavourable environmental conditions for many tropical fish species. Two studies in the Caribbean revealed two main differences from the Indo-Pacific: a lower percentage of Labridae and a very high percentage of Serranidae (Table 3) . However, comparisons have to be treated with caution, especially for rather cryptic families such as Gobiidae, Blenniidae and Scorpaenidae.
In terms of relative abundance of families, the ichthyofauna of the Jordanian coast is dominated by Pomacentridae, followed by Anthininae (subfamily of Serranidae) and Labridae. Visual censuses of fish assemblages on coral reefs in New Caledonia (Rossier and Kulbicki 2000) and on the Great Barrier Reef (Ackerman and Bellwood 2000) revealed the dominance of Pomacentridae as well. In New Caledonia the second most abundant family was Lutjanidae, followed by Chaetodontidae, Labridae and Apogonidae (Rossier and Kulbicki 2000) . On the Great Barrier Reef the ranking after the dominant pomacentrids was Gobiidae, Caesionidae, Apogonidae, Labridae and Chaetodontidae (Ackerman and Bellwood 2000) . Several families, such as Lutjanidae (three species), Haemulidae (four species) and Ephippidae (one species) are very rare along the Jordanian Red Sea coast (Khalaf and Disi 1997) , but can be frequently observed in the Red Sea proper and other parts of the Indo-Pacific.
Shannon-Wiener diversity (H′) did not differ significantly between depths or between coral-and seagrassdominated sites (Fig. 3) . Comparisons with other studies do not give a clear picture of an influence of depth on diversity (H′). On the one hand, Friedlander and Parrish (1998) pointed out a weak positive correlation between diversity (H′) and depth, which explained around 20% of the variation. On the other hand, Öhman and Rajasuriya (1998) did not find a significant correlation between diversity (H′) and depth. On the one hand, species richness was rather similar at the two depths of the coral reefs. This picture is in contrast to the general trend of species richness increasing with depth, shown for the Red Sea (Edwards and Rosewell 1981; Roberts and Ormond 1987) , in Sri Lanka (Öhman and Rajasuriya 1998) , and in Hawaii (Friedlander and Parrish 1998). However, this trend is most pronounced between 1 m and 6 m depths, with a smaller or no difference between 6 m and 12 m depths (Roberts and Ormond 1987) . One or another of our study sites might show this difference as well (e.g. Tourist Camp), but the overall pattern does not support a significant difference between 6 m and 12 m depth. On the other hand, the seagrass-dominated site showed a significantly higher species richness at 12 m depth. This pattern might be generated by a higher percentage of hard substrate at 12 m depth, which provides more three-dimensional structures with holes for shelter. In a study of Roberts and Ormond (1987) , the number of holes in a coral reef accounted for 77% of the variance in fish abundance, and Friedlander and Parrish (1998) attributed 73% of the variance in fish biomass to the mean hole volume. Due to the lack of shelter at 6 m depth at Al-Mamlah Bay, the species richness is reduced relative to coral reefs at the same depth. Comparison of seagrass meadow and coral reefs at 12 m depth revealed the opposite picture, with a higher number of species and higher abundance in the seagrass.
The higher species richness and abundance in 12 m depth can be explained by the high productivity of the seagrass meadows and by feeding migrations of fishes from the coral reef to the seagrass beds (Ogden 1980; Robblee and Ziemann 1984; Quinn and Ogden 1984; Kochzius 1999) . Invertebrate feeders are significantly more abundant at the seagrass-dominated site (M.A. Khalaf and M. Kochzius, unpublished data) , where they can utilise the rich crustacean fauna. Nocturnal feeding migrations of invertebrate feeders from coral reefs into seagrasses are documented for the Atlantic as well as the Indo-Pacific (Weinstein and Heck 1979; Bell and Pollard 1989; Kochzius 1999) . Studies in the Caribbean have shown that the biomass of fishes in coral reefs adjacent to seagrass meadows is higher than in reefs without seagrass beds (Birkeland 1985) . Comparison of fisheries from different coral reef regions suggests that coral reefs bounded by extended shallow-water habitats, such as seagrass meadows or mangroves, yield the highest catch. Reefs with a ratio of shallow-water habitat to coral reef of 1:1 or more are very productive (Marshall 1985) . Despite the lack of biomass data in this study, the high abundance of fishes in Al-Mamlah Bay supports these findings. Before the recent closing of this area, it was a favourite fishing ground for local fishermen, indicating a high standing stock and high productivity of fish. These results support the importance of Al-Mamlah Bay as a high productive area along the Jordanian Red Sea coast. A comparison of six seagrass meadows along the Jordanian coast revealed the highest seagrass biomass (g/m 3 ) at Al-Mamlah Bay (Wahbeh 1981 ).
The overall picture shows a significantly lower abundance of fishes at 6 m depth than at 12 m depth (Fig. 3 , Table 5 ). At the seagrass-dominated Al-Mamlah Bay this pattern can be explained by the lack of shelter at 6 m depth. At the coral-dominated sites, this difference is due to the high abundance of Pseudanthias squamipinnis and other planktivores at 12 m depth at all sites (Table 4) . Pseudanthias squamipinnis accounts for 24.1% of the total abundance and feeds in large schools on zooplankton at sites exposed to the current. On the Jordanian coast planktivorous fishes are significantly more abundant at 12 m depth than at 6 m depth (M.A. Khalaf and M. Kochzius, unpublished data) . The 12 m transects are more exposed to currents bringing zooplankton from offshore waters into the reef. A positive correlation of abundance as well as biomass of planktivores and depth was reported by Friedlander and Parrish (1998) , but total fish abundance did not reveal a connection to depth as well. Investigations on herbivorous fishes, such as Acanthuridae (surgeonfish), Scaridae (parrotfish) and Siganidae (rabbitfish), on a coral reef in Aqaba suggests a higher abundance of these families at 10 m depth than at 5 m depth .
The analysis of the dominant taxa and fish community parameters revealed the following pattern: (1) Labridae and Pomacentridae dominated the ichthyofauna in terms of species richness in the Gulf of Aqaba as well as on other Indo-Pacific coral reefs, (2) Pomacentridae was the dominant family in terms of relative abundance, (3) in the observed range of 6 m and 12 m depth, fish diversity and species richness on coral reefs in Aqaba were not correlated to depth, (4) abundance of fishes was significantly higher at 12 m depth than at 6 m depth along the Jordanian Red Sea coast, and (5) the seagrass-dominated sites showed a significantly higher species richness and abundance at 12 m depth than the coral-dominated sites, probably due to the high productivity of the seagrass meadows.
Multivariate analysis of the fish community
Cluster analysis, MDS plot and ANOSIM indicate significant differences between the fish communities of the two different depths as well as the two different habitats (Fig. 4, Table 6 ). This pattern of the fish communities is correlated with the composition of the benthic habitat (Global ρ=0.638, p=0.006) , suggesting that habitat composition as well as depth are the main factors that influence the composition of the fish assemblages. The multivariate BIO-ENV procedure reveals the best correlation of the fish community pattern to habitat parameters in seagrass cover (r=0.70) and combinations of the parameters seagrass cover and depth (r=0.68) as well as seagrass cover, depth and live hard coral (r=0.58). ANOSIM indicates that the overall benthic habitat composition does not show a significant difference between 6 m and 12 m depth, whereas fish communities are sig-nificantly different. This pattern implies that fish community changes with depth are not caused by changes in habitat composition. However, coral reefs show a significant difference in benthic habitat composition at the two depths, suggesting that differences in fish assemblages between depths were connected to changes in the benthic habitat. Results from this study indicate that the fish communities of the shallow-water habitats along the Jordanian Red Sea coast are strongly influenced by the composition of the benthic habitat and by depth. These habitat and depth-specific differences in fish communities on tropical shallow-water habitats are supported by other studies, e.g. Öhman and Rajasuriya (1998) for coral and sandstone reefs, and Friedlander and Parrish (1998) for a coral reef.
Correlation of the fish community parameters and benthic habitat
Regression analysis of benthic habitat and fish community parameters has revealed significant linear and curvilinear correlation. Species richness of fishes is positively correlated to hard substrate cover (live hard coral, dead coral and rock) as well as to habitat diversity (H′) in a power regression. Hard substrate cover is a measure of habitat complexity. A high hard substrate cover provides more shelter and food than a low hard substrate cover. A positive relationship of three-dimensional structure of the coral reef to fish community parameters has been demonstrated in many studies (Risk 1972; Talbot and Goldman 1972; Luckhurst and Luckhurst 1978; Gladfelter et al. 1980; Carpenter et al. 1981; Roberts and Ormond 1987; McClanahan 1994; Ormond et al. 1996; Chabanet et al. 1997; Friedlander and Parrish 1998; Lindahl et al. 2001) and accounts for 45% of the variance in fish species richness on coral reefs in the Gulf of Aqaba. Species richness is also positively correlated with habitat diversity (H′) (Roberts and Ormond 1987) , and can explain nearly 50% of the variance in fish species richness. Habitat diversity (H′) is a measure for the heterogenity as well as patchiness of the habitat and higher values of H′ indicate a higher heterogeneity or patchiness. The architectural property of heterogeneous or patchy habitats fosters diversity by allowing coexistence through microhabitat diversification and by increasing survival through provision of a refuge from predation (Heck and Orth 1980; Salita 2001) .
Live hard coral cover was positively correlated with the abundance of corallivorous fishes and accounted for 48% of the variance in abundance. This strong relationship has been shown in several studies of corallivorous fishes (Bouchon-Navaro et al. 1985; Jennings et al. 1996; Öhman and Rajasuriya 1998) , Chaetodontidae in general (Bell et al. 1985; Bouchon-Navaro and Bouchon 1989) and the complete fish community in regard to abundance, species richness and diversity (Bell and Galzin 1984; Carpenter et al. 1981; Harmelin-Vivien 1989; Chabanet et al. 1997; Adjeroud et al. 1998 ). An experimental disturbance of hard corals resulted in a significant reduction in abundance of chaetodontid fishes (Lewis 1997) . However, there are also studies that found only a weak correlation between live coral cover for corallivores (Friedlander and Parrish 1998) and Chaetodontidae (Roberts et al. 1988) or even no correlation at all (Luckhurst and Luckhurst 1978; Roberts and Ormond 1987) . The discrepancy between the different studies may have several reasons. Jennings et al. (1996) stated that "resident obligate corallivores will be absent if sites without coral cover are included, but this does not suggest that coral cover limits abundance in areas where coral is present". Jones and Syms (1998) discussed this problem in more detail and conclude that these discrepancies between studies are due to different ranges of observed coral cover. None of the studies examined the whole range of coral cover from 0% to 100% and therefore the nature, e.g. linear, curvilinear or unimodal, of the relationship is not known. The assumed linear relationships in the studies mentioned above are likely to be subsets of a more complex pattern, because very few ecological parameters follow linear patterns indefinitely (Jones and Syms 1998) . In our study we analysed the relationship of abundance of corallivores to live hard coral cover in a range of 0% to 35% and a linear regression revealed the best fit. It is likely that the availability of hard corals as a source of food is the limiting factor for the abundance of corallivores in this particular range of live hard coral cover. However, it is possible that above a certain percentage of live hard coral cover this is no longer the main limiting factor, and other factors, such as competition between corallivorous fishes, may governs their abundance. Coral-feeding Chaetodontidae defend their territories against competitors, in some species intraspecific, in others also interspecific (Kosaki 1991; Wrathall et al. 1992; Righton et al. 1998 ). On the other hand, Connell (1978) has demonstrated that species richness of hard coral assemblages decreases with increasing live hard coral cover and Aronson and Precht (1995) showed that at sites with low levels of disturbance only a few coral species dominate the community. Therefore corallivorous fishes might be limited in their food source, because some chaetodontid species prefer or even feed only on a few species of coral (Reese 1977; Bouchon-Navaro 1986) .
Another limitation, and possibly one reason for the differences in the studies on relation of fishes to habitat, is the assumption of the regression models that the habitat parameters are independent of the fish community. Corallivores and herbivores have an influence on the habitat by their feeding activity and there are also inter-and intraspecific interactions within the fish community (Roberts and Ormond 1987; Öhman and Rajasuriya 1998) .
In summary our analysis of the correlation between fish community and benthic habitat revealed that (1) fish species richness is positively linked to hard substrate cover as well as habitat diversity, and (2) the abundance of corallivorous fishes is positively linked to live hard coral cover in our range of observation from 0% to 35%.
Fish associations of shallow-water habitats
The multivariate analysis of the fish community revealed several associations of fishes in different habitats. Within the large group of mainly coral-reef-associated fishes we can distinguish (1) a group of species that occur mainly at 6 m depth at the shallow reef slope, (2) a group that has a higher relative abundance at 12 m depth at the deep reef slope and (3) the Apogonidae (cardinalfish). Within the first group it is interesting to note that Chaetodon paucifasciatus is assigned to the upper reef slope, whereas in the Red Sea proper this species occurs in deeper water. Also several other species commonly occur in shallow water in the Gulf of Aqaba, e.g. Apolemichthys xanthotis (angelfish), Genicanthus caudovittatus (angelfish), Chromis pembae (damselfish), Pseudochromis fridmani (dottybacks), and Canthigaster coronata (tobies). It is suggested that this pattern could be due to lower surface temperatures in the Gulf of Aqaba (Edwards and Rosewell 1981; Ormond and Edwards 1987; Sheppard et al. 1992 ). However, this hypothesis remains conjectural and other explanations such as niche expansion in the absence of certain competitor species are also possible (Sheppard et al. 1992) .
Other studies have revealed a similar pattern of a different species composition at the shallow and deep slope (McGehee 1994; Friedlander and Parrish 1998) . McGehee (1994) assigned the difference to greater water movement in the shallow reef slope, but that study compared 2-4 m depth to a maximum of 10 m depth and it is therefore difficult to compare this with our results. At the Jordanian coast it seems more likely that the onshore transport of zooplankton is a factor that triggers the differences in occupation between the shallow and deep reef slope. The species group at the shallow reef slope contains only two planktivorous species, the non-schooling pomacentrids Chromis dimidiata and Amblyglyphidodon leucogaster. In contrast, the fish group at the deep reef slope comprises four planktivores, the solitary Chromis ternatensis (Pomacentridae) as well as the schooling species Pseudanthias squamipinnis (Serranidae), Paracheilinus octotaenia (Labridae) and Chromis pelloura (Pomacentridae). As discussed earlier, Pseudanthias squamipinnis showed a higher abundance at the current exposed deeper reef slope. In general, the abundance of planktivorous fish was significantly higher at 12 m depth than at 6 m depth (M.A. Khalaf and M. Kochzius, unpublished data) . It has to be mentioned that Chromis pelloura was recorded only at the seagrassdominated site and therefore is an exception in the fish group regarded as typical for deep reef slope sites. However, this species showed the highest abundance at 12 m depth and is therefore assigned to this group of deep reef slope species.
The third group of coral-reef-associated fishes are apogonid species. Members of the family Apogonidae are nocturnally active species that hide in the daytime e.g. in crevices or between spines of sea urchins. A study in the Philippines has shown that apogonid species, such as Apogon aureus and Apogon cyanosoma, seek shelter in the coral reef during the day and migrate at night into adjacent seagrass meadows to forage (Kochzius 1999) . Members of this family utilise the same habitat for shelter and are therefore grouped together.
Another association of fishes are species of seagrass meadows and sandflats, such as the scarid Leptoscarus vaigiensis which is known as a resident species in seagrass meadows (Randall 1983; Kochzius 1999) . The scarid Calotomus viridescens is most commonly seen in seagrass meadows, but also occurs on coral reefs or rocky substrate (Randall 1983) . Calotomus viridescens is endemic to the Red Sea and in the Indo-West Pacific the niche of this species seems to be occupied by Calotomus spinidens (Kochzius 1999) . The labrids Cirrhilabrus rubriventralis and Coris caudimacula are inhabitants of seagrass meadows as well as areas of mixed sand, rubble, rocks and corals (Randall 1983; Khalaf and Disi 1997) . The mullid Parupeneus macronema is a feeder on benthic invertebrates of sandy areas and juveniles are associated with seagrass meadows (Khalaf and Disi 1997) . Torquigener flavimaculosus (Tetraodontidae) is a typical species of shallow sand flat and rubble habitats (Khalaf and Disi 1997) .
Two smaller groups of fish associations are the two siganid species, both feeding on benthic algae, and the three planktivorous species of the family Caesionidae, which usually school in mid-water (Khalaf and Disi 1997) .
The fish communities of shallow-water habitats along the Jordanian Red Sea coast showed different assemblages of fishes (1) on the deep reef slope, (2) on the shallow reef slope and (3) on seagrass meadows and sand flats. In addition the analysis revealed ecological groups such as schooling herbivores, schooling planktivores and reefassociated apogonids.
Biogeography
The number of shore fish species in the Gulf of Aqaba is higher than previously reported. Sheppard et al. (1992) examined the species richness of the families Chaetodontidae (butterflyfish), Pomacentridae (damselfish), Labridae (wrasse), Acanthuridae (surgeonfish), Serranidae (groupers) and Scaridae (parrotfish) in different areas of the northern Red Sea, Gulf of Suez and Gulf of Aqaba. Their study showed a decrease in species richness from 100 species at the southern coast of Egypt in the Red Sea proper to 75 species in the northern Gulf of Aqaba. The results of our study and additional species lists from literature (Khalaf and Disi 1997; Rilov and Benayahu 2000) demonstrate that the species richness of these families in the northern Gulf of Aqaba is much higher and reaches 104 species. A list compiled from different sources indicates a total of 362 species of shore fishes for the Gulf of Aqaba (Ben-Tuvia et al. 1983; Khalaf and Disi 1997; Rilov and Benayahu 2000 ; M. Kochzius, personal observation: U. Zajonz et al., unpublished report; this study).
In terms of shore fish species composition, there are significant differences between the Red Sea, Gulf of Aden, Arabian Gulf and Indian Ocean. The relationships of the ichthyofaunal composition based on presence/absence data from these localities showed a pattern of decreasing similarity of fish communities in the dendrogram from the northern Gulf of Aqaba through the Red Sea proper into the Indian Ocean (Fig. 7) . This pattern could indicate a generalised track between the northern Red Sea and the southern Red Sea plus Indian Ocean (Winterbottom 1985) .
Differences in the structure of fish communities on northern and southern Red Sea coral reefs are shown for several families, such as Chaetodontidae (butterflyfish), Pomacanthidae (angelfish), Pomacentridae (damselfish), Acanthuridae (surgeonfish), Scaridae (parrotfish), Labridae (wrasse), Lethrinidae (emperors), and Lutjanidae (snappers). Scleractinian corals as well show distinct changes in species richness from north to south, with a higher number of species in the central Red Sea , and north-south differences in the community structure . These differences in the community structure of fishes and corals within the Red Sea might be due to north-south differences in habitat as well as an abrupt increase in turbidity south of 20°N (Sheppard et al. 1992; Roberts et al. 1992) .
Differences between Red Sea fish communities and fish assemblages of the Indian Ocean are caused by two barriers: On the one hand there is a barrier at the connection of the Red Sea to the Indian Ocean. Some authors regard the shallow sill of the Bab El Mandab strait as the barrier (Klausewitz 1989; Roberts et al. 1992) , others locate it in the southern Red Sea (Blum 1989; Righton et al. 1996) or in the western Gulf of Aden (Kemp 1998) . On the other hand there is the reef-free section between Somalia and India, separating the Red Sea from the Indian Ocean (Klausewitz 1978; Roberts et al. 1992 ). This lack of coral reefs is connected to a 'pseudo-high latitude effect', which results from seasonal cold water upwelling along the southern coast of the Arabian peninsula and the Indian Ocean coast of Somalia (Klausewitz 1989; Kemp 1998) . Klausewitz (1978 Klausewitz ( , 1989 regarded the ichthyofauna of the Arabian seas as a biogeographical sub-province, including the Red Sea, Gulf of Aden and Arabian Gulf. Further studies of chaetodontid species assemblages by cluster analysis support this view, grouping assemblages from Oman, Socrota and Arabian Gulf together in one cluster, more closely related to the Red Sea than to the Indian Ocean (Kemp 1998 ). An analysis of the Indian Ocean coral fauna based on presence/absence of species revealed a biogeographic Arabian sub-province as well . However, our biogeographic analysis revealed a clear pattern of the faunal relationships between the Red Sea, Southern Arabia and the Indian Ocean, but the biogeographic affinity of the Arabian Gulf is not clear. The two dendrograms based on different coefficients revealed conflicting results and one dendrogram does not support the close affinity of the Arabian Gulf to the Red Sea.
There is no doubt that not all of the species lists used in this analysis are comprehensive and taxonomic error cannot be excluded. Nevertheless, multivariate statistics are very robust in regard to completeness of the data sets and clusters are stable up to an error of 10-20% (Sheppard 1998) . Re-examination of the chaetodontid distribution data presented by Kemp (1998) using BrayCurtis analysis revealed the same pattern as our more comprehensive analysis based on Bray-Curtis similarity: the Arabian Gulf shows the lowest similarity to all other sites. Therefore the oppositional results are due to methodological problems of the cluster analysis, rather than to incomplete species lists or taxonomic error. There are gradual changes between the different areas, but cluster analysis forces gradual into stepwise changes. MDS plots are able to represent gradual differences and therefore the MDS plots based on Bray-Curtis similarity and Euclidean distance are very similar (Fig. 7) . However, there are other arguments that support the view of a low similarity of the Arabian Gulf to the Red Sea. The Arabian Gulf shares more fish species from our data set with the Indian Ocean than with the Red Sea. Cluster analysis and MDS plot of absence/presence data of hermatypic corals revealed a closer relationship of the Red Sea to islands from the Central Indian Ocean than to the Arabian Gulf and Southern Arabia (Sheppard 1998) . Studies on the zoogeographic relationships of grapsid and ocypodid crabs have revealed that most of the Arabian Gulf species are of an "eastern" Indian Ocean origin. In addition, species of an "western" Indian Ocean origin (East Africa and Red Sea) are absent from the northern and western Gulf (Kuwait and Saudi Arabia) (Apel and Türkay 1999) . Reasons for these differences might be ecological rather than historical, because the Arabian Gulf and Red Sea have been recolonised from the same area after transgression of sea level about 17,000 years ago. The unfavourable oceanographic conditions for tropical species in the Arabian Gulf explain the relatively low species richness (Coles and Tarr 1990; Krupp and Almarri 1996) .
Summarising the arguments mentioned above, the biogeographic analysis revealed the following pattern: (1) the species richness of fishes on coral reefs in the Gulf of Aqaba is much higher than previously reported, and (2) the Red Sea and southern Arabia are significantly different from other sites of the Indian Ocean, but the affiliation of the Arabian Gulf is not clear.
Our study has demonstrated that the shore fishes in the Gulf of Aqaba show a relatively high biodiversity. Due to urbanisation, industrialisation, shipping activity and tourism in the Gulf of Aqaba, the environment is under growing pressure. Management for the protection of the marine resources is therefore needed. Scientific programmes such as the Red Sea Program on Marine Sciences (RSP) and the Red Sea Marine Peace Park Project provide important baseline data for multinational research and conservation of the Gulf of Aqaba. Our re-sults on the ecological parameters which structure the shore fish communities give valuable information for the establishment of marine reserves at the Jordanian Red Sea coast. Beside the highly important coral reefs, adjacent habitats such as seagrass meadows should also be considered in the establishment of marine reserves.
